C3H mice infected with Leishmania amazonensis develop persistent, localized lesions with high parasite loads. During infection, memory/effector CD44 hi CD4 + T cells proliferate and produce IL-2, but do not polarize to a known effector phenotype. Previous studies have demonstrated IL-12 is insufficient to skew these antigen-responsive T cells to a functional Th1 response. To determine the mechanism of this IL-12 unresponsiveness, we used an in vitro assay of repeated antigen activation. Memory/effector CD44 hi CD4 + T cells did not increase proliferation in response to either IL-2 or IL-12, although these cytokines upregulated CD25 expression. Neutralization of IL-2 enhanced CD4 + T cell proliferation in response to IL-12. This cross-regulation of IL-12 responsiveness by IL-2 was confirmed in vivo by treatment with anti-IL-2 antibodies and IL-12 during antigen challenge of previously infected mice. These results suggest that during chronic infection with L. amazonensis, IL-2 plays a dominant, immunosuppressive role independent of identifiable conventional T reg cells.
Introduction
Infection of C3HeB/FeJ mice in the footpad with Leishmania amazonensis results in chronic lesions containing up to 10 8 parasites. This chronic infection is accompanied by CD4 + T cell dysfunction with low to undetectable levels of the T cell effector cytokines IFN-γ and IL-4 [1; 2] . Although CD4 + T regulatory (T reg ) cells, characterized by high surface expression of CD25 and intracellular expression of FoxP3, are often associated with chronic infections, Ji et al demonstrated that these cells played a limited role in driving chronic disease in L. amazonensis-infected mice [3] . The immune phenotype associated with L. amazonensis infection is in stark contrast to that observed when C3HeB/FeJ mice are infected with Leishmania major. L. major-infected mice heal via development of classic CD4 + T helper 1 (Th1) cell-mediated immunity through IL-12-dependent production of IFN-γ. However, treatment of L. amazonensis-infected mice with exogenous IL-12 fails to drive a successful immune response, and adoptive transfer of antigen-specific Th1 cells also fails to limit infection with L. amazonensis amastigotes [1; 4] .
The failure of exogenous IL-12 to promote resolution of this intracellular pathogen as well as the lack of any clear role for a CD4 + T reg cell population in limiting immune effectiveness during this infectious disease indicates that unknown factors are restricting the development of an effective CD4 + T cell response. To that end, we sought to more closely examine the immune mechanisms responsible for the inability of IL-12 to promote an appropriate CD4 + Th1 response during L. amazonensis infection. We found that IL-12 did induce IFN-γ production from memory/effector CD44 hi CD4 + T cells; however, that enhanced IFN-γ production was limited in vitro and the response waned in vivo. In vitro experiments indicated that, in contrast to its well-described role as a proliferative cytokine, IL-2 was a potent immunoregulatory factor for CD4 + T cells derived from L. amazonensisinfected mice. Moreover, this regulation was mediated by limiting the proliferative response of CD4 + T cells to IL-12. Neutralization of IL-2 restored the IL-12 responsiveness of CD4 + T cells in vivo during established infection. Together, these findings indicate that IL-2 plays a negative, immunoregulatory role during chronic L. amazonensis infection independent of classical T reg cells. Our findings are consistent with recently described anti-proliferative functions for this cytokine during chronic antigen exposure [5; 6] .
Materials and Methods

Parasites and antigens
Culture of L. amazonensis (MHOM/BR/00/LTB0016) and L. major (MHOM/IL/80/Friedlin) and preparation of parasite antigens were performed as previously described [7] .
Mice
Female C3HeB/FeJ mice (six to eight weeks of age) were either bred in-house or obtained from The Jackson Laboratory (Bar Harbor, ME) and maintained in a specific pathogen-free facility. Mice were injected with 5 × 10 6 stationary phase promastigotes in 50 μl PBS in the left hind footpad. Between four and seven mice were used per group for each experiment and were sacrificed at four weeks post-infection. The IACUC at Iowa State University approved all protocols involving animals.
In vivo IL-12 administration
At the time of infection, a group of L. amazonensis-infected mice were also injected with 0.2 μg of IL-12 (Peprotech, Rocky Hill, NJ) as indicated. These mice received 0.2 μg of IL-12 in 25 μl of PBS intralesionally every other day for two weeks (a total of six injections) while control L. amazonensis-infected mice received PBS injections of 25 μl. Mice were sacrificed at either two or ten weeks post-infection as indicated in figure legends.
CD4 + T cell purification
CD4 + T cells were purified from lymph nodes via magnetic depletion (negative selection) using a biotin-conjugated antibody cocktail and anti-biotin MicroBeads (Miltenyi Biotec, Auburn, CA) according to the manufacturer's protocol. Cells were subjected to two passes through an AutoMACS cell sorter. The purity of the CD4 + T cells was routinely 90% or greater.
Repeated antigen-activation assay
This culture system was adapted from previously described protocols [8; 9] as a method to provide purified CD4 + T cells with both a primary and secondary in vitro stimulation. All cultures were performed in duplicate or triplicate in 96-well U-bottom plates in a total volume of 200 μl per well. One hundred thousand CD4 + T cells purified from the draining lymph node of either L. amazonensis-or L. major-infected mice were cultured with 2 × 10 5 mitomycin C-treated, carboxyfluorescein diacetate succinimidyl ester-(CFSE) labeled naïve splenocytes and 50 μg/ml freeze-thawed Leishmania promastigote Ag (CD4 + T cells isolated from L. major-infected mice were stimulated with L. major Ag and CD4 + T cells isolated from L. amazonensis-infected mice were stimulated with L. amazonensis Ag) in complete tissue culture medium (CTCM; DMEM containing 4.5 mg of glucose/ml, 2 mM Lglutamine, 100 U penicillin, 100 μg streptomycin/ml, 25 mM HEPES, 0.05 μM 2-mercaptoethanol and 10% fetal bovine serum). Feeder splenocytes were prepared by incubating spleen cells from naïve female C3HeB/FeJ mice with a lysing buffer (0.15 M ammonium chloride, 10 mM potassium bicarbonate and 0.1 mM ethylenediaminetetra-acetic acid) to lyse red blood cells. After red blood cells lysis, splenocytes were labeled using CFSE (Molecular Probes, Eugene, OR) as previously described [1] and then treated with mitomycin C (Sigma, St. Louis, MO) at a final concentration of 50 μg/ml at 37°C for 20 min and washed five times with an excess of CTCM before co-culture with purified CD4 + T cells. Cultures were maintained in the presence of no exogenous cytokine (neutral conditions), 2 ng/ml IL-12 (Peprotech, Rocky Hill, NJ), 10 ng/ml IL-2 (Peprotech), 10 μg/ml anti-IL-2 (S4B6, BD Biosciences, San Diego, CA), 10 μg/ml control antibody (R35-95, BD Biosciences) or in combinations as indicated. CD4 + T cells were rested for 48 hrs on day three by removing 100 μl of culture supernatant and replacing it with 100 μl of medium containing 2 × 10 5 fresh feeder splenocytes without Ag and, depending on the culture conditions, cytokine or antibody at the final concentrations described above. CD4 + T cells were given a secondary restimulation on day five by removing 100 μl of culture supernatant and replacing it with 100 μl of medium containing 2 × 10 5 fresh feeder splenocytes with 20 μg/ml Ag and, depending on the culture conditions, cytokine or antibody at the final concentrations described above. Cultures were analyzed by flow cytometry or BrdU ELISA either 24 hrs (primary stimulation) or three days after the secondary stimulation. Culture supernatants were removed for IFN-γ ELISA on day three after the secondary stimulation. To determine the number of live CD44 hi CD4 + T cells in culture as an assessment of cell accumulation, a known number of washed, surfactant-free white sulfate latex beads (Interfacial Dynamics Corporation, Portland, OR) were added to each well prior to harvest. Cells were stained and analyzed via flow cytometry. A bead ratio was generated by dividing the number of beads collected during FACS acquisition by the number of beads added to the well. The number of live CD44 hi CD4 + T cells collected was determined using a live lymphocyte gate and then divided by the bead ratio to calculate the number of live CD44 hi CD4 + T cells present in each culture well.
Flow cytometry
To evaluate intracellular IFN-γ 24-hr after secondary stimulation, T cells were stimulated with PMA (50 ng/ml) and ionomycin (50 ng/ml) in the presence of brefeldin A (10 μg/ml) for six hrs prior to harvest. Cells were harvested, washed, stained with cychrome-labeled anti-CD44 (IM7, BD Biosciences) or the appropriate isotype controls and fixed. Intracellular IFN-γ was assayed using PE-labeled anti-IFN-γ (XMG1.2, BD Biosciences) as previously described (17) . Cells were acquired on a FACScan flow cytometer (Becton Dickinson, San Jose, CA) and data were analyzed using Flowjo software (Tree Star, Ashland, OR). For all samples, the CFSE-labeled feeder layer was excluded from analysis of purified CD4 + T cells from infected mice. Surface staining for CD25 (PC61.5, eBioscience, San Diego, CA) was performed as previously described [1] .
ELISAs
Supernatants were assayed via ELISA for IFN-γ. All IFN-γ ELISA antibodies were purchased from Pharmingen and used according to manufacturer recommendations. Agpulsed mitomycin C-treated splenocytes alone were cultured under similar conditions as CD4 + T cells to determine baseline amount of cytokine production. BrdU ELISAs were conducted using the Cell Proliferation BrdU Colorimetric ELISA Kit (Roche Applied Science, Indianapolis, IN). Cultures were pulsed with 10 mM BrdU for 12 hrs and then transferred to flat-bottom 96-well plates before continuing with the manufacturer's protocol. Ag-pulsed mitomycin C-treated splenocytes alone were cultured under similar conditions as CD4 + T cells to determine baseline amount of BrdU incorporation.
In vivo IL-2 inhibition
For in vivo Ag challenge, L. amazonensis-infected mice four weeks post-infection were injected in the right hind (contralateral) footpad with 20 μg of L. amazonensis Ag and/or 0.2 μg of IL-12 (Peprotech, Rocky Hill, NJ) and 30 μg of either anti-mouse IL-2 (S4B6, BD Pharmingen) or Rat IgG2a,κ isotype control (R35-95, Pharmingen) as indicated in a total volume of 50 μl of PBS or with 50 μl of PBS alone. Mice were sacrificed at 48 hours postAg challenge.
Statistical Procedure
Statistical analysis was performed using Statview (SAS, Cary, NC). For comparisons between two treatment groups, data were analyzed using an unpaired t test. For comparisons of more than two treatment groups, data were analyzed with Scheffe's post-hoc test. When two treatments within a group were compared, data were analyzed using a paired t-test. Differences were considered significant when p < 0.05.
Results
Exogeneous administration of IL-12 promotes a transient Th1 response in L. amazonensis-infected mice
Previous work has shown that the administration of exogenous IL-12 at the time of L. amazonensis infection does not promote healing [1] . To assess the extent of T cell IL-12 responsiveness or lack thereof in vivo during L. amazonensis infection, mice were administered IL-12 at the time of infection and every other day for two weeks in the infected footpad. L. major-infected mice were used as a benchmark for a productive Th1 response. At two weeks post-infection, the draining lymph node (DLN) was removed and cells were stimulated with Ag. After 24 hours, the percentage of CD44 hi CD4 + IFN-γ + T cells was significantly greater in IL-12-treated L. amazonensis-infected mice as compared to L. amazonensis-infected control mice ( Figure 1A ). Recall responses of DLN cells also showed a significant enhancement in IFN-γ production from the L. amazonensis-infected mice treated with IL-12 compared to L. amazonensis-infected untreated mice ( Figure 1B) or L. major-infect mice (data not shown). This increased amount of IFN-γ production was similar to amounts produced by DLN cells from L. major-infected mice. This data indicates that exogenous IL-12 treatment at the time of L. amazonensis-infection is sufficient to promote a population of IFN-γ-producing cells. At ten weeks post-infection, however, the percent of CD44 hi CD4 + T cells producing IFN-γ after a 24-hr Ag stimulation was not significantly different between IL-12-treated and control L. amazonensis-infected mice at ten weeks PI ( Figure 1C ). Recall responses of DLN cells at ten weeks post-infection also showed no difference in IFN-γ production between IL-12-treated and control L. amazonensis-infected mice ( Figure 1D ). The parasite burden in the infected footpad of IL-12-treated L. amazonensis-infected mice was also not significantly different from L. amazonensis-infected control mice (data not shown and as reported in [1] ). Together, this data indicates that while L. amazonensis-infected mice do respond to exogenous IL-12 treatment by developing a Th1 response early after infection, that response is not maintained over time and the mice fail to heal their infection.
CD44 hi CD4 + T cells from L. amazonensis-infected mice fail to accumulate in response to IL-12
We wanted to evaluate this limited CD4 + T cell IL-12 responsiveness in a more controlled system to determine immunoregulatory mechanisms that may regulate Th1 cell development, function and persistence during L. amazonensis infection. CD4 + T cells were purified from DLN of mice at four weeks post-infection and co-cultured with Ag and mitomycin C-treated splenocytes from naïve mice (an APC feeder layer) as a primary stimulation. The cells were rested on day three of culture by adding fresh APC feeder cells without Ag. A secondary stimulation was provided on day five of culture using fresh Agpulsed APC feeder cells. CD4 + T cells isolated from L. major-infected mice were included as a positive control for a productive Th1 response. Each well contained the same number of memory/effector CD44 hi CD4 + T cells at the beginning of the culture period [2] . After the second Ag restimulation under neutral conditions (no polarizing cytokines or antibodies), the percentage of CD44 hi CD4 + T cells from L. amazonensis-infected mice that were positive for IFN-γ was only 32% compared to those isolated from L. major-infected mice (Figure 2A) . Likewise, the amount of IFN-γ produced by T cells from L. amazonensisinfected mice, as determined by ELISA, was 29% of that produced by T cells from L. majorinfected mice ( Figure 2B ). Under Th1 polarizing conditions (IL-12), the percentage of IFN-γ-positive CD44 hi CD4 + T cells from L. amazonensis-infected animals increased and was equivalent to that of the same population isolated from L. major-infected animals ( Figure  2C ). Mean fluorescence intensities were also comparable between both cultures, indicating similar amounts of IFN-γ produced per cell (data not shown). However, the amount of IFN-γ detected via ELISA in culture supernatants of T cells from L. amazonensis-infected animals was only 60% of that produced by T cells from L. major-infected animals ( Figure 2D ).
Decreased total IFN-γ produced by IL-12 stimulated T cells isolated from L. amazonensisinfected mice could be due to a reduced number of cells. In the presence of IL-12, the number of live CD44 hi CD4 + T cells derived from the DLN of L. amazonensis-infected mice was 59% of those from L. major-infected mice ( Figure 2E ). This data suggests that the Th1 response elicited by IL-12 treatment of L. amazonensis infected animals may be limited, at least in part, by regulation of cell numbers. This decrease in cell number detected in vitro accounts for the lower amount of IFN-γ detected in supernatants of Ag stimulated T cells from L. amazonensis-infected mice in response to IL-12.
CD4 + T cells from L. amazonensis-infected mice have a partial response to IL-12 and IL-2
Differences in the proliferative response between CD4 + T cells from L. amazonensis-and L. major-infected mice could be one factor leading to the disparity observed in live CD4 + T cell numbers after in vitro Ag stimulation in the presence of IL-12. Both IL-12 and IL-2 promote CD4 + T cell proliferation [10; 11] . ELISA analysis of BrdU incorporation at the end of the three-day primary stimulation demonstrated that there was no significant increase in BrdU incorporation when IL-12 was added to cultures of T cells from L. amazonensisinfected mice, whereas IL-12 significantly increased proliferation of T cells isolated from L. major-infected mice ( Figure 3A) . Flow cytometric analysis of BrdU incorporation confirmed that the differences existed almost exclusively in the CD44 hi CD4 + T cell population (data not shown).
IL-2 is an important T cell growth factor in vitro (reviewed in (32)). We assessed the effect of IL-2 on proliferation of T cells from L. amazonensis-and L. major-infected mice. T cells were stimulated with the appropriate Ag and IL-2 and BrdU incorporation was assessed via ELISA. There was no significant (p = 0.062) increase in BrdU incorporation observed in IL-2-treated T cells isolated from L. amazonensis-infected mice, whereas CD4 + T cells derived from L. major-infected mice had a significant increase in BrdU incorporation over cells stimulated in neutral conditions ( Figure 3B ). Neutralization of IL-2 in T cells isolated from L. amazonensis-infected mice had no effect on proliferation, whereas T cells from L. major-infected mice had significantly decreased BrdU incorporation ( Figure 3C ). Effector CD4 + T cells from L. amazonensis-infected mice are unresponsive to the proliferative effects of either IL-2 or IL-12 during primary Ag stimulation.
CD44 hi CD4 + T cells from L. amazonesis-infected animals become activated in vitro
We measured expression of IL-2 receptor-α (CD25) on CD44 hi CD4 + T cells to closely follow the activation status of these cells during in vitro Ag stimulation. Immediately ex vivo, 20% of CD44 hi CD4 + T cells from L. amazonensis-and L. major-infected mice were CD25 + ( Figure 4A ). That percentage of CD25 + cells did not increase significantly after primary Ag stimulation in vitro. After a two-day rest however, the percentage of CD44 hi CD4 + T cells that were CD25 + more than doubled for both cultures and continued to increase similarly during secondary restimulation. Three days after the secondary restimulation, over 80% of the CD44 hi CD4 + T cells were CD25 + in both cultures, demonstrating similar activation kinetics of both CD4 + T cell populations (data not shown). However, the mean fluorescence intensity (MFI) of CD25 expression on CD44 hi CD4 + T cells from L. amazonensis-infected mice at the end of culture was 237 ± 8.2, which was significantly brighter than cells from L. major cultures with a MFI of 100 ± 5.7 ( Figure 4B ). Neutralizing IL-2 in vitro significantly reduced CD25 expression on CD44 hi CD4 + T cells from L. amazonensis-infected mice ( Figure 4C ) while the addition of exogenous IL-2 to the cultures significantly increased CD25 expression on cells from L. major-infected mice ( Figures 4D). There is a population of resting effector CD44 hi CD4 + T cells from L. amazonensis-infected mice that become activated and maintain IL-2-dependent, high expression of CD25.
IL-2 limits CD4 + T cell proliferation in response to IL-12 in vitro
Synergy between IL-2 and IL-12 to promote CD4 + T cell proliferation has been described previously [10; 11] . We wanted to determine if any aspects of this synergy occur within the T cell population during L. amazonensis infection. During secondary restimulation, these T cells failed to enhance proliferation in the presence of IL-2 and/or IL-12 ( Figure 5A , line graph). In fact, BrdU incorporation was significantly decreased in the presence of combined IL-2 and IL-12. As we already demonstrated that CD44 hi CD4 + T cells from L. amazonensis-infected mice are responsive to IL-2, as shown by regulation of CD25 expression ( Figure 4A ), we wanted to determine if IL-2 was involved in regulating the proliferation rate of this CD4 + T cell population in response to IL-12. Neutralizing IL-2 significantly increased cell proliferation ( Figure 5B, line graph) . Furthermore, CD4 + T cells from L. amazonensis-infected mice maintained in the presence of IL-2 and/or IL-12 had a small but significant increase in cell numbers, while neutralization of IL-2 throughout the entire culture period resulted in a small but significant decrease in cell numbers ( Figure 5 black bars), indicating that IL-2 and IL-12 promote cell survival independent of their role in proliferation. Taken together, these results indicate that IL-2 suppresses IL-12 mediated proliferation of CD4 + T cells derived from L. amazonensis-infected animals.
IL-2 limits lymphocyte proliferation in response to IL-12 in vivo
To determine if IL-2 may limit IL-12 immune cell responsiveness in vivo, mice infected with L. amazonensis for four weeks were challenged in the contralateral footpad with antigen in addition to either anti-IL-2 or an isotype control antibody ± IL-12. After 48 hours, the lymph node cells draining the site of Ag challenge were harvested, stimulated in vitro with Ag and assessed for BrdU incorporation as described in materials and methods. BrdU incorporation was significantly enhanced in the lymph node cells from animals treated with IL-12 and anti-IL-2 antibody as compared to mice treated with PBS, IL-12 alone or anti-IL-2 alone (Figure 6 ).
Discussion
IL-2 may be a significant factor in limiting the immune response during L. amazonensis infection as it limits CD4 + T cell responsiveness to IL-12. Our data show that neither IL-2 nor IL-12 enhanced CD4 + T cell proliferation after L. amazonensis infection (Figures 3 and  5) . Instead, IL-2 played a negative role by limiting the ability of IL-12 to promote CD4 + T cell proliferation in vitro ( Figure 5 ). Consistent with these in vitro results, neutralization of IL-2 during chronic L. amazonensis infection in vivo promoted enhanced lymphocyte proliferation in response to antigen challenge and IL-12 ( Figure 6 ). Together, these results indicate that IL-2 suppresses enhanced cellular proliferation in response to IL-12 during the immune response to L. amazonensis, and IL-2 may play a significant role in limiting the establishment of a Th1 response.
Both IL-2 and IL-12 can promote proliferation through the phosphatidylinositol 3-kinase (PI3-K) pathway [12; 13; 14] . It is tempting to speculate that regulation of this pathway after L. amazonensis infection could account for antigen-responsive CD4 + T cell refractoriness to both of these cytokines. Recent evidence indicates that PI3-K signaling and its regulation by Phosphatase and Tensin homologue (PTEN) serves a critical role in the regulation and maintenance of conventional CD4 + CD25 + T reg cells in response to IL-2 [15] . Perhaps the development of an antigen responsive CD25 bright CD4 + T cell population (Figure 4 ) reflects a regulatory mechanism related to the development of T reg cells [16] . However, it is unlikely that conventional T reg cells are responsible for the ex vivo immunoregulation described ( Figure 1A ) because we only find a deficiency in T cell proliferation in response to IL-2 and IL-12 (and not antigen alone) and we do not detect increased percentages of CD25 + CD4 + T cells. Furthermore, previous studies have indicated that IL-12 responsiveness of Th1 cells is not influenced by conventional Treg function [17] .
IL-2 has two opposing functions in T cell biology: potentiating T cell proliferation and terminating T cell responses [18; 19; 20] . IL-2 has been described as a potent stimulator of naïve T cell growth and proliferation in vitro [20] . More recently, however, its primary role in vivo has been described as one for maintaining tolerance instead of amplifying T cell responses [21] . The most well-characterized mechanism by which IL-2 elicits its tolerogenic influence in vivo is via T reg cells, most of which constitutively express the high affinity IL-2 receptor-α, CD25 [18; 19] . There are indications that the role of IL-2-mediated negative immunoregulation may be more diverse than just maintaining T reg cells [6] . For example, IL-2 has also been shown to promote stimulation refractoriness in activated CD4 + T cells cultured in the presence of IL-2 [22; 23; 24] . Our data suggest that Ag responsive CD4 + T cells from L. amazonensis-infected mice may experience a form of IL-2-mediated refractoriness.
The tunable activation threshold (TAT) model proposed by Grossman and Paul states that T cell activation is a threshold phenomenon, that the threshold is tuned by the stimulatory experience of the cell, and that the strength and quality of antigenic stimulation, as well as the amount of antigen present during stimulation, all influence the T cell response [25; 26] . In this model, under conditions of recurrent or continual antigen stimulation, changes in the balance between self-renewal and differentiation could lead to several different effector cell responses, including cell death or proliferation with or without effector function [26; 27; 28] . Recent studies in mice chronically infected with Schistosoma demonstrated a loss of CD4 + T cell effector function over time that was related to chronic antigen exposure and may reflect a tuning process for antigen specific cells [29] . We would suggest that, under conditions of local chronic infections with high parasite loads, persistent levels of IL-2 produced by chronically restimulated antigen-specific CD4 + T cells may promote the survival of an unpolarized T cell population and limit the expansion of Th1 CD4 + T cells even in the presence of IL-12 [5; 30] .
Experimental L. amazonensis infection in the mouse is a localized infection characterized by the absence of a robust inflammatory response, as evidenced by decreased IL-12 production and decreased mRNA expression of multiple inflammatory mediators [1; 31; 32] , as well as by a high parasite load due to enhanced resistance of the parasite to macrophage-mediated killing [33; 34; 35; 36] . We propose that the CD44 hi CD4 + T cells present in vivo during L. amazonensis infection have adapted to the continual high local parasite load by becoming functionally tolerant. Our data suggests that IL-2 plays an important role in the establishment of this tolerance independent of conventional T reg cells. IL-2 limits proliferation in response to IL-12 in vitro. CD4 + T cells were isolated from L. amazonesis-infected mice and cultured as described in materials and methods in the presence or absence of IL-2 and/or IL-12 (B) or with a neutralizing antibody against IL-2 or a control antibody in the presence or absence of IL-12 (D). To assess proliferation, cells were pulsed with BrdU during the final 12 hours of culture; BrdU incorporation was assessed via ELISA 24 hours post-secondary Ag restimulation (right axis, scatter plot). To assess cell numbers, the number of live CD44 hi CD4 + T cells was determined as described in materials and methods (left axis, bar graph). Data are represented as the mean ± the SEM of three separate experiments except for treatment with IL-2 plus IL-12, which was two experiments. Experimental groups labeled a, b, c or * indicate a significant difference from one another at p < 0.05 as determined by Scheffe's test. 
